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Meandering rivers have shaped the landscapes of Earth and Mars through

the development of sinuous and migrating channels. River channel sinuosity
reflects aninterplay of primary agents including water discharge and
sediment supply, information that is archived in the sedimentary record.
Here we examine the spatial variability of the sinuosity of 21 lowland rivers
on Earth and six ancient river systems on Mars using satellite imagery, and
identify a dichotomy in spatial patterns: instead of decreasing downstream
as previously suggested, we find that the sinuosity either increases or
remains constant approaching the river outlet. We conduct numerical
modelling of channel migration to show that these bimodal patterns

canbe explained as acompetition between the timescale required for

channelsto establish steady-state sinuosity and the avulsion timescale. This
highlights the role of varying water discharge on meander development and
demonstrates how the planform morphology of modern and ancient fluvial
systems may be used to interpret hydrological regimes of river systems,

withimplications for lowland river migration patterns under future shifting

climate regimes.

Lowland rivers are a critical link in the continental hydrological
cycle and are important conduits for water, sediment and nutrient
fluxes. One of the most striking features of river channels is their
self-formed sinuous patterns. The degree of sinuosity represents a
fundamental aspect of planform morphology, and may be used to
evaluate channel dynamics, including the rate of migration'?, and
interpret the hydrological activities of rivers on Earth as well as on
extraterrestrial planets®. Although previous studies have established
first-order empirical relationships between fluvial properties (for
example, discharge, drainage basin size’*, sediment supply’ and
riverbank vegetation®) and river morphology (for example, mean-
der wavelength, flow depth, sinuosity and channel migration rate),

uncertainty surrounding these relations precludes the interpretation
of fluvial properties from planform morphology alone. This shortcom-
ing limits the ability of empirical relations to predict river responses
to environmental changes, as well as to estimate the palaeohydraulic
conditions from the morphology expressedin the sedimentary record;
forexample, unravelling the duration of the Martian hydrological cycle
that potentially provided the essential conditions for the development
of life®™,

Previous research has demonstrated that, for coastal rivers, the
sinuosity (Q) typically decreases downstream nearing the outlet™".
This observationis consistent for modern systems on Earth (Fig.1a,e;
Extended Data Fig. 1) and for ancient Martian deltaic deposits™**
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Fig.1|Maps of meanderingrivers and fluvial ridges and associated spatial
variability in sinuosity. a-d, Mississippi River (a), Rio Grande (b) and two
ancient deltaic channels in Aeolis Dorsa, Mars (c,d). e-h, Bend sinuosity (filled
grey symbols) and binned average sinuosity (green and blue stairs) of the
MississippiRiverina (e), the Rio Grande in b (f) and the Martian deltaic channels
inc(g)andd (h).Ina-d, the general flow direction is from top to bottom. In cand
d, the datum (white dashed line) crosses the downstream-most location of the
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ancient channel and is perpendicular to the down-dip direction. The avulsion
nodes approximated by the backwater transitions (Methods) are noted by the
dashedlinesinaandband eandf; the grey shaded boxesincanddandgandh
mark the avulsion locations. Credit: a, USGS under a Creative Commons licence
CC01.0;b, US-side data from TNRS under a Creative Commons licence CCO 1.0,
Mexico-side data from INEGI; ¢,d, Malin Space Science Systems and Caltech-JPL.

(Fig. 1c,g). Nevertheless, spatial variability in sinuosity for chan-
nels near the outlet has not been explored in previous studies®>"%,
particularly in a temporal context. Here we explore the hypothesis
that the timespan of an active channel, that is, the timescale of flow
conveyance before abandonment via avulsion ", and the rate of
migration of a channel interact to establish the sinuosity of low-
land rivers. We present the application of a numerical model that
explains the spatial sinuosity patterns of lowland rivers and high-
lights the variability in water discharge as a first-order control on
the channel migration rate. Our findings are directly applicable to
quantitatively analysing the palaeohydrology of ancient systems
from sedimentary records, and may also be leveraged to predict the
migration dynamics of natural rivers in response to environmental
stresses.

Spatial variability in river sinuosity

We target 21 large meandering lowland rivers on Earth and assess the
sinuosity patterns extending from the avulsion node*'*** to the chan-
nel outlet at the coastal interface. The length of this stretch of river
defines the avulsion length scale L,. A group of 13 rivers (Mississippi,
Nile, Trinity, Danube, Rhine, Meuse, Don, Kobuk, Yana, Mackenzie,
Tombigbee, Alabama and Apalachicola) demonstrates that the aver-
age sinuosity increases substantially around the avulsion node but
decreases drastically with progression downstream towards the river
outlet (Figs. 1a and 2a; Extended Data Fig. 1). The sinuosity averaged
overL,is1.22-1.25 upstream of the avulsion node (RK/L, > 1, where RK
denotes the river kilometre, the along-stream distance with respect
to the channel outlet) butincreases to 1.36 downstream of the deltaic
avulsionnode (0 <RK/L,<1). Thereach-averaged sinuosity withareach
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Fig.2|Spatial variability in the binned average sinuosity. a, Variable-sinuosity
rivers on Earth. b, Constant-sinuosity rivers on Earth. ¢, Variable-sinuosity rivers
onMars. d, Constant-sinuosity rivers on Mars. The abscissa (thatis, RK (a,b) and
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PD (c,d)) isnormalized by each avulsion length (L,) (see Methods). Bin sizes are
0.1L, for the blue and green lines, and L, for the red lines; the grey shaded boxes
mark the10-90 percentile range of the bootstrapped average sinuosity.

scale of 0.1L, peaks at avalue of 1.5 (RK/L, = 0.5) and then decreases to
around1.20 closer the outlet (RK/L, = 0) (Fig. 2a). Alternatively, asecond
group of eight rivers (Brazos, Rio Grande, Colorado, Indus, Chao Phraya,
Sabine, Neches and Suwannee) demonstrates a consistent sinuosity of
around1.34-1.40 when averaged over L,, albeit maintaining local vari-
ability, without any spatial relation to the avulsion node (Figs. 1b and 2b;
Extended DataFig.2). Therefore, we refer to these two groups of rivers
as ‘variable-sinuosity rivers’and ‘constant-sinuosity rivers’, respectively.
AMann-Kendall statistical test, based on the reach-averaged sinuosity,
rejects the null hypothesis that the sinuosity isindependently distrib-
uted without a monotonic trend for the variable-sinuosity rivers at the
5% significance level (P=7 x107*); the same test fails to reject the null
hypothesis for the constant-sinuosity rivers (P= 0.8864).

The sinuosity of ancient Martian deltaic channels, measured
using fluvial ridge centrelines”? (Methods), is determined from six
well-studied ancient rivers at Aeolis Dorsa™*"**? (Fig.1c,d). The planform
channel morphology provides a means to approximate the location
of deltaic avulsions for the Martian river systems®. For example, the
downstream channel network converges to form fewer channels with
progression upstream within anarrow reach (Fig. 1c,d). This suggests
the existence of deltaic-lobe avulsion nodes near this region'>">*%,
particularly given the proximity of these river systems to their asso-
ciated contemporaneous palaeoshorelines”*?, These six Martian
systems also show the dichotomy in the sinuosity patterns foundinthe
Earthrivers (Fig. 2c,d; Extended Data Fig. 3). For the first group of three
Martianriver systems, bends downstream of the avulsion locations are

characterized by high sinuosity (>2), and the sinuosity averaged over
L, increases downstream from 1.06 to 1.15 across the avulsion node
(Figs.1g and 2c; Extended Data Fig. 3a-f). The reach-averaged sinuos-
ity withareachscale of 0.1L,shows a distinct peak of 1.34 (PD/L,= 0.9,
where PD denotes the projected distance from the channel bend to the
downstream distal reach of the fluvial sandstone ridges) downstream
of the avulsion node (that is, for PD/L,=1). For the second group of
three Martian river systems, the average sinuosity fluctuates around
1.13-1.16; unlike the first group, there is no distinct increase in sinu-
osity around the avulsion nodes (Fig. 1h; Extended Data Fig. 3g-1). A
Mann-Kendall statistical test supports the interpretations of variable
(P=0.02) and constant (P = 0.39) sinuosity for these first and second
groups of Martianrivers, respectively. Overall, the Martian and Earth
river systems are comparable, but the averaged sinuosity is generally
lower for the Martian rivers compared with the Earth rivers, which
is due to the integration of multiple channel paths, potentially over
arange of different ages, for Mars'>?? (Extended Data Fig. 3). In fact,
some Martian river systems developed high-sinuosity bends that are
indistinguishable from Earth rivers (Extended Data Fig. 3).

Sinuosity development through the avulsion
cycle

Rivers near the outlet typically possess a super-elevated avulsion
node'®**?*, The channel sinuosity typically evolves towards a steady
state’ untilan avulsion resets the sinuosity and initiates asubsequent
cycle of the channel development™". Numerical simulations of the
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Fig. 3| Measured river sinuosity compared to model results. Modelled
temporal variabilities in the channel sinuosity and normalized age &} (£ = t,/t;)
of the lowermost reach (downstream of the avulsion node) for the variable- and
constant-sinuosity rivers (filled blue and green symbols, respectively, with error
bars). Open circles and diamonds represent the modelled channel sinuosities for
natural rivers with neck cutoffs only. The arrows mark the difference between the
measured and modelled sinuosities for natural rivers. The error bars denote the
maximum and minimum of the normalized age ¢; of natural rivers calculated
based on values of the calibrated erosional coefficient £ (where n denotes the
number of E estimates (Supplementary Information)). The grey shaded area
marks the range of the 0.5-99.5 percentile range of the modelled average
sinuosity from 1,000 simulations of rivers (Supplementary Information). The
associated average across all the simulations is represented by the black line. The
slope of the fitted linear regression function between the sinuosity and the
normalized time t*(¢* = t/t;) is evaluated from ¢} (¢ = t;/¢;) to the upper end of
the time domain. The value of the normalized time to reach the steady state ¢}

(£f = t,/ty) is established where the slope of the linear regression function
approaches a value of zero. For the variable-sinuosity rivers (blue symbols), the
average sinuosity is measured for channel reaches within the upper one-third of
the channel reach downstream of the avulsion node, assuming that age can be
approximated by the observed avulsion time. The channel within this reach
becomes younger progressing downstream as the river mouth progrades
through time during an avulsion cycle. Thus, the lower reaches are excluded in
the analysis as ages cannot be specified. See Extended Data Figs. 4-6 and
Supplementary Table 1for dataused from eachriver.

development of the meandering river planform were carried out
using different channel sizes and bed slopes (Supplementary Infor-
mation) to establish that, over time (¢), the average sinuosity increases
and reaches a maximum before decreasing to a steady-state value
(Fig. 3). Two key development timescales emerge: the time taken to
reach the maximum average sinuosity (¢,), which marks the time before
the development of meander neck cutoffs; and the timetakentoachieve
anaverage sinuosity after establishing the steady state (¢,). Our model
simulations suggest that, given sufficient time (thatis, ¢,), the average
sinuosity fluctuates around a mean value’?.

We hypothesize that the pace of meander development and the
avulsion frequency determine the sinuosity pattern of achannel from
theavulsion nodeto theriver outlet™*'®%, Specifically, a fast-migrating
channel canreachthe steady state before anavulsioneventso that the
entirety of the river reach downstream of the avulsion node establishes
a consistent sinuosity (for example, Figs. 1b,f and 2b). Alternatively,
if an avulsion event happens before ¢, for a slowly migrating channel,
the sinuosity downstream of the avulsion node can have a value which
is greater than that from the upstream reach of the avulsion node; in
such a case, distinct peaks emerge in the sinuosity spatial trends (for
example, Figs. 1a,e and 2a).

Totest this hypothesis, for several lowland river systems we com-
pared the age of ariver near its avulsion node (t,, the time since the
last avulsion to the present date) with that of the modelled ¢, and ¢,
data (Supplementary Information; Extended Data Table 1). For the
variable-sinuosity rivers, ¢, pre-dates ¢,so that the current river courses
have yet to reach a steady state with respect to the average channel
sinuosity (Fig. 3). The modelled average sinuosity shows good agree-
ment withthe measured average sinuosity. For the constant-sinuosity
rivers, ¢,is close to or greater than ¢,such that all analysed systems have
achieved steady-state conditions. Hence, the average sinuosity shows
no substantial increase or decrease, and is lower compared with the
modelled peak average sinuosity around ¢, (Fig. 3). Compared with
themodel output, the lower sinuosity values measured for the natural
rivers could be due to processes occurring in natural systems that are
notrepresented in the model framework, such as chute cutoffs, which
prevent higher sinuosity”. Evidence for this is also provided by the
simulation results for natural river systems when considering neck
cutoffs only, where the datashow better fits to the predicted sinuosity
trends which are generally greater than the measured sinuosity values
(opencirclesand diamonds in Fig. 3).

Physical controls on the channel migration rate
The distinction in spatial trends of the channel sinuosity between the
two river groups reflects differences in the channel migration rates
and avulsion timescales. The avulsion timescales for the rivers range
from centuries to millennia (values that are typical for lowland riv-
ers”)and are within just afactor of three (Supplementary Information;
Extended Data Table1). By contrast, the normalized channel migration
rate r* (Methods) maintains a much higher difference between the
two groups—up to an order of magnitude—despite the river channels
encompassing bed slopes within a factor of four (between 2 x10™*
and 5 x107). The channel migration rate normalized to the channel
width and the exceedance probability of bankfull discharge (Methods)
provides a means to compare the associated impact on the channel
planform morphology across various river sizes*. Although a previ-
ousstudy suggested that the channel migration rate increases with the
river size®, our analysis demonstrates that small rivers can possess a
much higher normalized migration rate compared with large rivers,
forexample, asin comparing the Rio Grande River (r*=2.6 x 10?) with
the Mississippi River (r*= 8.1 x107*) (Fig. 4a; Extended Data Table 2).
Theimpact of channel curvature’ on the observed difference in lateral
migrationrates across the studiedrivers canberuled out since r*is cal-
culated by averaging over multiple channel bends of similar sinuosity
and curvature (Extended Data Figs. 4-6).

The distinction in normalized migration rates between the two
groups of rivers further reveals controls on meander development
and explains the cause of the order-of-magnitude uncertainty that is
typical of empirical relations”®. We propose three drivers for lateral
migration: the sediment supply, the discharge variability and the flood-
ingintensity.

First, our study shows that, compared with the variable-sinuosity
rivers, the high migration rate in the constant-sinuosity rivers is asso-
ciated with a relatively high sediment supply, as evaluated using a
sediment-to-water dischargeratio (thatis, Q/Q,; Fig. 4b; Supplemen-
tary Information, Extended Data Table 2 and Extended DataFig. 7). We
postulate that theincreased sediment supply, in particular, asandy bed
material load, enhances the deposition of point bars (that is, convex
banks), thus promoting channel migration’?’, Meanwhile, cut banks
(that is, concave banks) that are constructed of sandy sediment are
less cohesive and are therefore subject to retreat. Combined, point-bar
advance and cut-bank retreat enhance the channel migration®. Inaddi-
tion, local sediment input from alluvial valleys may promote lateral
migration®*, For example, the Brazos and Trinity rivers are similar in
terms of water discharge, flow depth and channel slope. However, the
Holocene valley fills in the Brazos River are much sandier than those
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Fig. 4| Channel migrationrate, sediment supply and discharge properties
for the investigated Earthrivers. a-d, Distributions and kernel densities of
the normalized average channel migration rate r*(a), the sediment-to-water
discharge ratio (Q/Q,) (b), the discharge variability (DV) (c) and the flood

intensity Q, (d) (Supplementary Table 2). For each, the white circle marks the
median, thefilled circles denote individual rivers, the thick grey bar marks 25-70
percentile range and the horizontal line marks the mean. VSRs, variable-sinuosity
rivers; CSRs, constant-sinuosity rivers.

in the Trinity River® %, Therefore, there are richer local sources of
sandy bed material sediment making up banks and substrate in the
Brazos River, so as to facilitate faster lateral channel migration than
the Trinity River.

Second, the constant-sinuosity rivers possess agreater discharge
variability (DV) compared with the variable-sinuosity rivers, where the
DVis measured as the difference in average discharge from the dry to
wet seasons (Fig. 4c; Methods). We suggest that a high DV, as one of
the essential conditions for meander development®®¥, can resultin
disturbance of the equilibrium channel geometry and thus promote
channel migration®>**, Since the channel geometry (that is, the flow
depth and width) is modified to accommodate bankfull discharge
through lateral migration®****°, a high DV is likely to induce frequent
adjustment of the channel geometry through point-bar deposition
and cut-bank erosion®. For example, variable discharge will result in
disequilibrium flow conditions that promote deposition onthe channel
bed™ and enhance the channel mobility*°.

Third, the constant-sinuosity rivers typically show average flood
intensity (Q) values that are greater than those of the variable-sinuosity
rivers, where Q, measures the peakedness of the maximum daily dis-
chargerelative to the average discharge (Fig. 4d; Methods). Intensified
discharge can result in overbank sediment transport, especially of
fine-grain (cohesive) material to a distal floodplain**2. The transport
of overbank sediment inhibits levee aggradation as overbank sedi-
mentationis subdued*’. The reduced deposition of cohesive material
on the levee further promotes bank erosion as banks become less
erosion-resistant®®. Therefore, channel migration rates increase
because of weakened and denuded banks*.

Implications for understanding past and future
rivers

We identify two spatial patterns of river channel sinuosity approach-
ing the outlet: one where the average sinuosity increases drastically,
and the other where the average sinuosity is relatively constant. This
observation replaces the conventional view that lowland river sinuos-
ity simply reduces downstream. The current findings provide insights
for the challenging tasks of palaeohydrology and palaeoclimate®*'.In
the Martian examples, the variable-sinuosity rivers did not achieve a
steady state, whereas the constant-sinuosity rivers did reach a steady
state. These observations suggest that the two Martian river groups
developed underlow Q/Q,, DV and Q,conditions, and under high Q/Q,,
DVand Q, conditions, respectively. This could be the result of different
drainage basins? and/or patterns, indicating local hydroclimates®,
despite the proximity of the studied Martian river systems, as well as

similarities in size. This is similar to the case of the Brazos and Trinity
rivers, two systems that are less than one hundred kilometres apart
butwhich possess starkly different planform properties and migration
kinematics® . Alternatively, the hydroclimate of the region could
have shifted so that the two groups of Martian systems were developed
under different flood regimes**.

This information is useful for future models that evaluate differ-
ent climate scenarios and runoff conditions on Mars*®. For example,
hydrographs simulated using climate models can be used to predict
theavulsion frequency and channel migration rate™**, which will deter-
mine the stage of sinuosity development as demonstrated in this study.
The sinuosity of the Aeolis Dorsa channel systems indicates that both
the avulsion timescale and the channel migration rate were subject
to unique hydrographs. The simulated hydrographs using climate
models can then be tested by comparing the modelled and observed
channel sinuosity.

Finally, as Earth’s climate warms, hydrological cycles and precipi-
tation extremes are expected*®, leading to a higher variability in river
discharge®’. Therefore, lowland rivers across the globe will shift into
more constant-sinuosity rivers along with the risk of enhanced migra-
tion** and flooding*’, which will present a critical environmental and
socio-economic challenge for adjacent human communities.
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Methods

Theavulsion length was calculated as the river distance from the avul-
sion node to the downstream outlet for the Apalachicola, Suwannee,
Sabine, Neches, Don, Yana, Kobuk and Mackenzie rivers. The avulsion
node wasidentified using satelliteimages or a digital elevation model.
For the rest of the rivers analysed in this study, the avulsion length
was approximated using the backwater length. The upstream extent
of the backwater influence can be approximated using a ratio of the
reach-averaged bankfull flow depth () and the channel bed slope (S)
as abackwater length (L,) scale®:

Ly = hJS. )

For the Martian river systems, avulsion length was calculated as
the projected distance of the avulsion node to the downstream distal
reach of the fluvial sandstone ridge.

Channel centrelines were traced mainly from recent satellite
images to calculate the sinuosity. For rivers where the channel paths
had been modified through straightening, the channel centrelines were
traced from historical maps that were dated before the engineering
modification (Supplementary Information). The sinuosity was calcu-
lated for each meander bend, where ameander bend isbounded at the
upstream and downstream ends of inflection points on the channel
centreline, where the curvatureis zero. Sinuosity values were calculated
from the ratio between the streamwise distance and the Cartesian
distance between two adjacent inflection points.

A numerical model was used to explore the temporal variability
in the channel sinuosity. We used the model of Ikeda et al.” with the
numericalimplementation method of Sunand co-workers*”. Our model
simulates channel migration through bank erosion caused by an excess
flow velocity near the cut bank:

{= Euy, vl

where (is the lateral migration rate, E is the erosional coefficient and
u,is the excess flow velocity near bank. The excess flow velocity u, can
be calculated using

o¢

Ou, U ug ug
+2—=C =b|-— 275 + C, — +A— s 3
fUp u ff(ghl 3

“os *2% [

09s h

where u, is the reach-averaged flow velocity, s is the streamwise dis-
tance, b is the reach-averaged half-bankfull flow width, C;is the fric-
tion coefficient, £is the local curvature of channel centreline, gis the
gravitational accelerationand A is the constant slope factor. Meander
neck cutoffis triggered when the Cartesian distance between any two
points along the river path becomes less than a given channel width.
The erosional coefficient for natural systems was calibrated by match-
ing the actual and modelled channel migration rates (Supplementary
Information).

The average channel migrationrate (r) and the normalized channel
migration rate (r*) are defined as:

@)

) ©

where a is the area of the polygons enclosed by two channel courses
fromsucceeding time periods, /isthe length of the channel course, Nis
the number of years separating the tworiver courses, Bis the bankfull
channel width, P is the cumulative frequency of bankfull discharge
and (1 - P,¢) denotes the exceedance probability of bankfull discharge.
The Pstermisintroduced assuming that river migrationis only active

when discharge meets or exceeds bankfull discharge®.
The discharge variability DV compares the difference between the
wettest and driest months on record**:

DV = Qw-max;Qw-min , (6)
Qw

where Q,,.maxand Q,,.min are, respectively, the wettest and driest monthly
average discharges on record and Q,, is the average discharge.

Theflood intensity Q,in this study was measured as the magnitude
ofthe peak daily discharge relative to the average discharge:

7 Quax=Qpyiy
=

= & ?)

Q= m

where mis the number of years of daily dischargerecord, @}, and @
are the maximum and minimum average daily discharges each for the
ithyearonrecord, respectively. We used daily discharge records dated
before major dam constructions to calculate DV and Q, for the two

groups of Earthrivers.

Data availability
The compiled dataonriver paths for analysis of the sinuosity and lateral
migration rate are available via Figshare at https://doi.org/10.6084/
mo.figshare.22308637.

Code availability
The MATLAB codes for plotting Figs. 2-4 are available for download
from https://doi.org/10.5281/zenod0.7749850.
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Extended Data Fig. 1| Spatial trend in channel sinuosity Q of variable-sinuosity Earthrivers. Dots are sinuosity measurements of individual bends and the black
solid lines are binned averages with a bin size of 0.1L,, where L, is the avulsion length.
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Extended Data Fig. 2| Spatial trend in channel sinuosity Q of constant-sinuosity Earth rivers. Dots are sinuosity measurements of individual bends and the black

solid lines are binned averages with a bin size of 0.1L,, where L, is the avulsion length.
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Extended Data Fig. 5| Satellite images and associated river centerlines for the Neches, Sabine, Suwannee, Tombigbee, and Yanarivers. Credit: Google Earth
(third-party data providers are listed on the image).
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Extended DataFig. 6 | Satellite images and associated river centerlines for the Alabama, Apalachicola, Don, Kobuk, and Mackenzie rivers. Credit: Google Earth
(third-party data providers are listed on the image).
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Extended Data Fig. 7 | Correlation between sediment supply and channel migration rate for the natural rivers. The black line represents the regression fit.
lateral migration rate. Blue dots and green diamonds represent the average Sample size for each data point corresponds to the number of migration rate
measured lateral migration rate for variable- and constant-sinuosity river groups, = measurements based on traced centerlines at different times (Extended Data
respectively. Error bar denotes the measured maximum and minimum lateral Figs.4-6).
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Extended Data Table 1| Key model input parameters®*~ for natural rivers in Fig. 3

h(m)  B@m uy (ms) Cf E i tq (year) sources
Mississippi 20 1300 2 0.005  9.53E-07 1000 40,53
Trinity 5 200 1.46 0.005 4.72E-07 934 34
Rhine 7.3 425 1.4 0.005  8.50E-07 1000 55-57
Meuse 5 150 1.67 0.005  9.70E-08 1760 56,58-60
Danube 6.3 1250 1.23 0.005  5.93E-07 1570 61
Nile / / / / / /
Lafourche 20 1300 2 0.005  9.53E-07 750 62,63
Brazos 7.7 153 1.27 0.005  1.60E-06 2500 64,65
Rio Grande 5 100 1.4 0.005  3.55E-06 1000 66
Colorado 3.3 100 1.11 0.005  7.66E-07 2500
Indus 8 500 0.72 0.005 2.88E-06 1000 67,68
Chao Phraya 6.77 251 1.19 0.005  1.44E-06 2000 69-71

Nature Geoscience


http://www.nature.com/naturegeoscience

Article https://doi.org/10.1038/s41561-023-01231-1

Extended Data Table 2 | Sediment (Q,) and water budget (Q,,), discharge variability (DV), flood intensity (Q)), and lateral
migration rate (r*) for natural rivers’>

O, (ton/year) 0. (m’/ s) 9,/0, DV 0, r* references

Mississippi 4.00E+08 15855  3.02E-04  1.47 1.98  8.09E-04 72
Trinity 5.52E+06 730 9.05E-05  6.02 9.17  1.56E-03 73
Rhine 4.25E+06 2000  2.54E-05  2.49 3.01  2.00E-03 747
Danube 5.17E+07 6047  1.02E-04  4.32 4.67  3.60E-03 76
Meuse 1.18E+06 327  4.32E-05 1.2 1.96  6.24E-04 77
Nile 2.30E+08 2810  9.79E-04  0.91 / / 8,79
Don 7.70E+05 624.86  1.47E-05 1.9 628  2.93E-04 80
Kobuk / / 2.48E-04 597 5.54  5.41E-04

Yana 3.00E+06 1107.92 3.24E-05  6.75 595  6.63E-04 80
Mackenzie 4.20E+07 9180  5.47E-05  2.73 2.78  2.90E-03 80
Tombigbee 2.20E+06 844.05 3.12E-05  4.93 571  2.11E-03 80
Apalachicola 1.70E+05 607.61 3.35E-06 4.1 7.69  2.37E-03 80
Alabama 2.30E+06 858.94 3.20E-05  4.39 474  6.43E-04 80
Brazos 1.24E+07 218  6.81E-04 6.24 10.07  9.57E-03 38!
Rio Grande 3.69E+07 48 9.20E-03  5.85 575  2.61E-02 3366
Colorado 4.91E+06 77 7.62E-04  21.28 10.38  2.39E-03 33
Indus 8.50E+10 2156  4.72E-01  6.73 154  1.00E-02 82
Chao Phraya 2.53E+07 483  6.27E-04  4.47 592  4.23E-03 69
Sabine 7.50E+05 234 3.84E-05 4.9 7.61  1.48E-03 80
Neches 1.33E+06 164  9.70E-04  1.05 7.06  1.76E-03 80
Suwannee / / / 13.39 8.04  9.71E-04

Note: sediment budget data is collected from previous literatures listed in the reference column (SI). Water
discharge Q,, is calculated as the average discharge from the hydrographs. Discharge variability (D) and
flood intensity (Q ;) are calculated from daily discharge (Methods). Lateral migration rate (r*) is
calculated using historical channel paths (Methods).
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